To reveal the internal physics of the low-temperature mobility of two-dimensional electron gas (2DEG) in AlGaN/GaN heterostructures, we present a theoretical study of the strong dependence of 2DEG mobility on Al content and thickness of AlGaN barrier layer. The theoretical results are compared with one of the highest measured of 2DEG mobility reported for AlGaN/GaN heterostructures. The 2DEG mobility is modelled as a combined effect of the scattering mechanisms including acoustic deformation-potential, piezoelectric, ionized background donor, surface donor, dislocation, alloy disorder and interface roughness scattering. The analyses of the individual scattering processes show that the dominant scattering mechanisms are the alloy disorder scattering and the interface roughness scattering at low temperatures. The variation of 2DEG mobility with the barrier layer parameters results mainly from the change of 2DEG density and distribution. It is suggested that in AlGaN/GaN samples with a high Al content or a thick AlGaN layer, the interface roughness scattering may restrict the 2DEG mobility significantly, for the AlGaN/GaN interface roughness increases due to the stress accumulation in AlGaN layer.
Introduction
The GaN-based high electron mobility transistor (HEMT) devices have been developed rapidly over the past decade. The outstanding microwave power performance of the devices, such as a record power density of over 30 W/mm, [1] are very impressive. The baseline device structure, i.e. AlGaN/GaN heterostructure, features a quantized two-dimensional electron gas (2DEG) of high sheet density (about 10 13 cm −2 ) and high mobility (about 1000-2500 cm 2 /(V·s) at room temperature). The 2DEG property in AlGaN/GaN heterostructure depends strongly on alloy composition and thickness of the AlGaN barrier layer, and it is an important guidance to GaN HEMT design. Such a dependence of 2DEG density has been explained quite well, [2−4] but for that of 2DEG mobility, there is little theoretical research carried out though some experimental data have been reported. [2,5−10] Miyoshi et al [5] presented a calculation of the measured relation of the 2DEG mobility to the Al content in AlGaN barrier layer. They suggested that the lower 2DEG mobility in higher Al content sample be due to the strain-caused poor interface quality between the AlGaN layer and the GaN layer, which is partly supported by the atomic force microscopic images of the surface morphology of the samples. [5] But the theoretical analysis focused on only the interface roughness scattering and the dislocation scattering, and the effect of the other scattering mechanisms was not discussed at all. We present in this paper a theoretical study of the low-temperature 2DEG mobility in the AlGaN/GaN heterostructures. It focuses on the dependence of the 2DEG mobility on Al content and thickness of AlGaN barrier layer. The experimental data investigated are those reported by Smorchkova et al [2] for a series of unintentionally doped (UID) AlGaN/GaN heterostructures at 13 K. The data are quite complete and reflect a very good consistency of the material quality, and the 2DEG mobility is highest among those available till now. The temperature is as low as 13 K, so the effect of bulk electrons can be excluded, and the mobility can be analytically modelled as a combined effect of various independent scattering mechanisms. The lattice vibration scattering mechanisms considered are the acoustic deformation-potential scattering and the piezoelectric scattering, and the polar optic phonon scattering is omitted, for it is extremely weak at 13 K. The ionized impurity scattering mechanisms considered are the ionized background donor scattering and surface donor scattering. The investigated UID AlGaN/GaN sample has a not very low background electron density (about 10 16 cm −3 ), but it is too small compared with the measured 2DEG density, and the ionized surface donor states can be still ascribed to the source of the electrons for the 2DEG according to the charge balance analysis. [11, 12] The dislocation scattering is included, for the dislocation is one of the major lattice defects in III-V compound materials. Also considered are inevitably the alloy disorder scattering and the interface roughness scattering. From the analyses of the individual scattering processes and their effects on the 2DEG mobility, the internal physics of the low-temperature 2DEG mobility for AlGaN/GaN heterostructures is revealed. And it is the first theoretic analysis, to the best of our knowledge, of the 2DEG mobility as a function of the thickness of AlGaN layer in AlGaN/GaN heterostructures.
Model
The 2DEG mobility is modelled as μ
by using the Matheissen rule. The scattering mechanisms considered are formulated based on the 2D degenerate statistics of 2DEG. It is assumed for simplicity that screening is determined only by electrons in the lowest subband and the exact Hartree-Fork wave function is approximated by the analytical FangHoward variational wave function. [13] The analytical expressions of the momentum relaxation rates for the scattering mechanisms are briefly summarized below and the relevant material parameters are listed in Table 1.
The acoustic deformation-potential scattering is expressed as [14] 
where b = 33m * e 2 n s2D
is a variable parameter, m * is the electron effective mass, a C is the conduction band deformation potential, k B is the Boltzmann constant, T is the temperature, ρ is the mass density, v s is the longitudinal acoustic phonon speed, is the reduced Planck constant, e is the basic charge, n s2D is the 2DEG sheet density, ε 0 is the vacuum dielectric constant, and ε s is the static dielectric constant. The piezoelectric scattering is expressed as [15] 
where M is the electromechanical coupling coefficient; k F = √ 2πn s2D is the Fermi wave vector; (3), (4) and (7) . The ionized background donor scattering is expressed as [14] 
where N DB is the ionized background doping density. The surface donor scattering is expressed as
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The dislocation scattering is expressed as
where N disl is the 2D density of threading edge dislocations, f is the occupancy of the states in the energy gap introduced by the dislocations, c 0 is the c-axis lattice constant and u = q/(2k F ) is used for simplicity. The alloy disorder scattering is expressed as
where
is the volume of the unit cell of the wurtzite AlGaN, with a 0 (x) and c 0 (x) being the c plane and the c-axis lattice constants respectively; x is the Al content; ΔV is the alloy scattering potential; ψ(z) is the modified Fang-Howard wavefunction.
The interface roughness scattering is expressed as [18] (7) where Δ is the root-mean-square (RMS) roughness height, and L is the correlation length. Usually they are combined to show the interface roughness. 
m 0 is the rest mass of electron deformation potential of GaN a C = 9.10 eV [20] mass density of GaN ρ = 6.15 g/cm 3 [19] longitudinal acoustic phonon speed of GaN vs = 8.00 × 10 3 m/s [19] static dielectric constants of GaN and AlGaN εs = 8.90, ε(x) = 8.90 − 0.40x [19] electromechanical coupling coefficient M = 0.039 [15] lattice constant of AlGaN a 0 (x) = (0.3189 +0.0077x) nm [19] c 0 (x) = (0.5186 +0.0204x) nm [19] alloy scattering potential of AlGaN ΔV = 1.80 eV [21] conduction band offset ΔE C (x) = 0.75(Eg(AlGaN)-Eg(GaN)) [2] Thomas-Fermi wave vector q TF = 8.4994 × 10 8 m −1 dislocation filling factor f = 0.5 [22] 
Comparison between theoretical and experimental results
The AlGaN/GaN structure from which the experimental data of 2DEG density and mobility are measured at T = 13 K is a series of UID AlGaN/GaN heterostructures grown by the molecular beam epitaxy (MBE) technique.
[2] The AlGaN barrier layer is 31 nm thick for different values of Al content, and the Al mole fraction is 0.27 for different values of barrier layer thickness. It is assumed that a dislocation density (N disl ) is 5×10 7 cm −2 [10] and a background donor
[2] The 2DEG density and mobility used in calculation are n sfit and μ fit fitted from the measured data n sexp and μ exp .
When 2DEG density varies, the 2DEG distribution changes in both the real space and the momentum space. Both 2DEG density and 2DEG distribution can affect 2DEG mobility, but the relevant analysis will be very complicated. The 2DEG distribution and its effect on 2DEG mobility can be analytically expressed by 2DEG density through the above model, so the joint effects of the 2DEG density and the 2DEG distribution on 2DEG mobility are ascribed to the effect of the 2DEG density below.
It can be deduced from the momentum relaxation rates of the considered scattering mechanisms that the acoustic deformation-potential, piezoelectric, ionized background donor and dislocation scattering are independent of barrier layer parameters. The barrierlayer-dependent scattering mechanisms include the alloy disorder scattering and the surface donor scattering. The former is related to Al content, and the latter is related to thickness of barrier layer. The mobilities limited by all these six scattering mechanisms are calculated directly, and the overall effect of them is expressed by μ t
Relation between mobility and Al content
The AlGaN/GaN structures investigated are with the Al content x in barrier layer changing from 0.09 to 0.31. The 2DEG density n sexp increases linearly from about 3.8 × 10
12 to 1.5 × 10 13 cm −2 while the measured mobility μ exp decreases almost exponentially from about 24000 to 3800 cm 2 /(V·s). [2] Based on the linear fitting to the curve n sfit -x, the relations between the calculated component mobilities of the individual scattering processes with the 2DEG mobility μ exp and μ fit are shown in Fig.1 . We can see that the dominant scattering mechanisms are the alloy disorder scattering and the interface roughness scattering, and the latter is overwhelming at higher values of x(≥ 0.25).
The effect of the other scattering mechanisms is a little stronger at lower values of x(≤ 0.13). An Al content increase in the barrier layer results in the linear increase of 2DEG density n s2D in the AlGaN/GaN heterostructures, and this is a major factor which leads to the change of various scattering processes. The dislocation scattering, the ionized background donor scattering, and the surface donor scattering are all Coulombic, and the scattering centres are the charged dislocation lines, the ionized background donor, and the surface donor states, respectively. They are weakened when n s2D increases, for the screening effect of the electrons on the scattering centres is improved. The surface donor scattering mobility shows a smaller change as a result of the increased surface donor state density N SD (≈ n s2D ). These scattering processes are very weak in the considered AlGaN/GaN heterostructures. This can be explained by the fact that the scattering centre density N disl is too low for the dislocation scattering, and similarly N DB is not high for the ionized background donor scattering. As for the surface donor scattering, the barrier layer thickness d, i.e. the Coulombic action distance between the surface donor states and the 2DEG below the barrier layer, is quite large. It should be noted that N disl is generally 10 8 − 10 11 cm −2 for nitride wafers, and the dislocation scattering may be an important mechanism of depressing 2DEG mobility in the AlGaN/GaN heterostructures with x ≤ 0.2. The acoustic deformation-potential scattering mobility is proportional to n −1/3 s2D , and the piezoelectric scattering mobility increases all along with n s2D in the involved 2DEG density range though it has a minimum point at very low values of n s2D . [13] Both of them show a T −1 -dependent mobility as a result of the lattice vibration, so they are quite weak at a low-temperature of 13 K.
The alloy disorder scattering in AlGaN/GaN structures originates from the effects of the randomly fluctuating Al and Ga atom potentials in the AlGaN material on the penetration part of the 2DEG wave function into the barrier layer, so it is directly related to x except for its n s2D dependence. Such a scattering process is quite strong because of the large alloy scattering potential of AlGaN (1.80 eV). The alloy disorder scattering mobility is extended in 0.06 ≤ x < 1 (Fig.2) for the convenience of discussion. When n s2D is higher, the 2DEG penetration is strengthened and the scattering is stronger. When x is higher, on the one hand the energy barrier at the AlGaN/GaN heterointerface is higher, which means the weaker 2DEG penetration and the weaker scattering. On the other hand, the alloy disorder extent in AlGaN (proportional to x(1 − x)) turns stronger first and reaches its peak at x = 0.5, and then becomes weaker. So does the resulting alloy disorder scattering. Therefore
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in the AlGaN/GaN heterostructures with x increasing while n s2D being unchanged, in a range of x ≤ 0.5 the scattering is strengthened only at small x because of the more disordered III-group atom distribution, but it is weakened when x is larger as a result of the weaker 2DEG penetration caused by the higher energy barrier at heterointerface. While in a range of x ≥ 0.5, both the even weaker 2DEG penetration and the less disordered alloy atom distribution weaken the scattering further. As for the AlGaN/GaN heterostructures within which the 2DEG naturally changes its density with x, the alloy disorder scattering mobility reflects the interplay of the above mechanisms, and the dominant factor changes from the increase of n s2D to that of x at the bottom of the mobility curve. Fig.2 . The alloy disorder mobility versus Al content x, where curve 1 is for calculations based on the fitted relation of n s2D − x, and curve 2 is for calculations with a constant n s2D assumed to be 10 13 cm −2 .
The mobility μ r shows the largest decrease in all the mobility curves in Fig.1 , and it is even lower than the alloy disorder mobility when x ≥ 0.2. This is a hint of the strong sensitivity to n s2D for the interface roughness scattering. When n s2D increases, the 2DEG electron distribution shifts closer to the AlGaN/GaN heterointerface and the electron transport becomes more sensitive to the structural imperfections. Meanwhile, it is expected that the pronounced change of the mobility μ r is partially due to the AlGaN/GaN interface roughness increasing with x, which is possible because the stress in the barrier layer accumulates, and the relevant surface roughness increase has been observed. [5, 6] It is necessary to know how the RMS roughness Δ and the correlation length L change with x, and this can be shown by the possible solutions of Δ and L values at given mobility and n s2D (Figs.3 and 4 ) though we cannot extract precisely both of them from expression (7). There is an infinite series of Δ and L values theoretically which gives the same mobility values for the interface roughness scattering at a given electron density as shown in Fig.3 . Though L > 0 is enough to solve a possible Δ, Δ Γ at Γ point sets a lower limit for Δ. So we can set L as a constant value for μ r to solve Δ and see how Δ changes, or to solve Δ Γ and L Γ . The x-dependent Δ and L are shown in Fig.4 , and all of them reflect that the AlGaN/GaN interface roughness increases with increasing Al content. 
Relation between mobility and barrier layer thickness
The AlGaN/GaN structures investigated are with the barrier layer thickness d changing from 6 to 50 nm. The 2DEG density n sexp increases nonlinearly from about 4.7 × 10 12 to 1.4 ×10 13 cm −2 while the measured mobility μ exp decreases almost exponentially from about 15500 to 1500 cm 2 /(V·s). Based on the least-square fitting curve n sfit − d shown in Fig.5 , the relations between the calculated component mobilities of the individual scattering processes with the 2DEG mobility μ exp and μ fit are shown in Fig.6 . The dominant scattering mechanisms are the alloy disorder scattering and the interface roughness scattering, and the latter is overwhelming when d is larger than 20 nm. The effect of the other scattering mechanisms, especially the surface donor scattering mechanism, is stronger when d is smaller than 10 nm. [2] fitted by n sfit . Fig.6 . The experimental data of 2DEG mobility μexp at 13 K [2] with its fitting curve μ fit and the calculated component mobilities of the individual scattering processes as a function of barrier layer thickness d.
The mobilities of dislocation, ionized background donor, deformation-potential, piezoelectric and alloy disorder scattering change with d in their own way, which reflects their dependence on n s2D just as analysed in the last section. A common point for them is that there is a clear transition region at about d = 20 nm with the change in the mobility curves slowing down, which is related to the start of the saturation of 2DEG density (Fig.5) . While the surface donor scattering shows a strong d dependence. When the distance between the surface donor and the 2DEG electrons is small, the Coulombic scattering is quite strong. But the scattering is weakened at higher values of d by a joint effect of the increasing n s2D and the decreasing coulomb repulsion. So the mobility curve shows a rapid increase.
The mobility μ r corresponding to the interface roughness scattering decreases greatly even after the saturation point of n s2D at about d = 20 nm, which is a hint of the increased AlGaN/GaN interface roughness. The possible parameter values for Δ and L are calculated in a way the same as that in the last section and shown in Fig.7 . The interface roughness is found to increase with the barrier layer thickness, and it is expected to be due to the stress accumulation in the barrier layer. An exception is that the calculated value of Δ at d = 6 nm is generally too high and deviates from the smoothly changed Δ curve in a range of d ≥ 10 nm. A possible explanation is that a nominal barrier layer thickness of d = 6 nm is lower than the real value, therefore the 2DEG mobility at d = 6 nm is underestimated. So the interface roughness scattering mobility at that point is also underestimated, which corresponds to too strong a scattering and too high a value of Δ. 
Conclusions
This work aims to explain the dependence of low-temperature 2DEG mobility in the AlGaN/GaN heterostructures on Al content and thickness of AlGaN barrier layer. The effects of practical scattering processes are analysed, and the dominant scattering mechanisms are the alloy disorder scattering
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The low-temperature mobility of two-dimensional electron gas in AlGaN/GaN · · · 2695 and the interface roughness scattering at low temperature. The factors that lead to a decrease in 2DEG mobility with the barrier layer include (i) the increase of 2DEG electron density and the accompanying change of 2DEG distribution, (ii) some special scattering mechanisms directly related to the barrier layer parameters, i.e. the alloy disorder scattering dependent on Al content and the surface donor scattering dependent on the barrier layer thickness, and (iii) the AlGaN/GaN interface roughness increase at higher values of Al content or large thicknesses of the AlGaN layer as a result of stress accumulation. In all these three factors the first is the most important in the considered ranges of the barrier layer parameters. It is suggested from the calculation that the interface roughness scattering may restrict the 2DEG mobility significantly for AlGaN/GaN samples with high values Al content or thick AlGaN layers, and the relevant details need further support of the experimental investigation. It should also be noted that the effort to improve low-temperature 2DEG mobility through reducing 2DEG electron density by the AlGaN layer design may be restricted by the dislocation scattering or the surface donor scattering.
